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We investigated the structural, optical, and electrical properties of molybdenum and
zirconium-doped zinc oxide (ZZO) with a purity of 99.99% deposited on a glass substrate by
radio-frequency magnetron sputtering and annealed at different temperatures. The doping
amount of zirconium on ZnO was 3 wt%. The optimal resistivity of the multilayers, 5.1 x 1073
Q-cm, was observed for an annealing temperature of 400 °C. This film also had the highest
transmittance of 93%. Moreover, the optimal figure of merit, 4.6 x 107 Q™! was observed for an
annealing temperature of 400 °C. Furthermore, the grain size also increased with the annealing
temperature, as observed by scanning electron microscopy. Mo/ZZO multilayer thin films with
such excellent optical and electrical properties can be applied in photosensors.

1. Introduction

Transparent conductive oxide (TCO) thin films have excellent conductivity and high optical
transmittance in the visible and near-IR regions. These characteristics make TCO thin films
usable in various optoelectronic components, including solar cells, organic light-emitting
devices, thin-film transistors, photovoltaic cells, electrochromic devices, and flat panel
displays.0-19) In general, metal films are opaque in the visible light region. However, metal films
with a thickness less than 100 A can be penetrated by visible light and exhibit strong reflectivity
in the IR region. To form a semiconductor, materials with an energy gap higher than 3 eV must
be used. Indium oxide, zinc oxide (ZnO), tin oxide, titanium oxide, and cadmium oxide'") can
all be used to form semiconductors. To achieve higher conductivity and transmittance, many
studies have proposed combining oxide and metal films to create a multilayer structure of
oxide—metal—oxide or metal oxide—metal-metal oxide transparent conductive films.(!2-1©) Such
films can inhibit reflection from the metal layer in the visible light region and achieve light
transmission.(!”) In this study, we used magnetron sputtering to deposit Mo metal and ZnO:ZrO,
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(3 wt%) (ZZO) thin films, and produce Mo/ZZ0O multilayer thin films. After optimal single-
layer parameters were determined, the intermediate metal layer of Mo was examined. The
multilayer structure of Mo/ZZO was annealed at various temperatures to optimize the ideal
electrical and optical properties. Our results suggest that the Mo/ZZO multilayer thin films can
be applied in photosensors and gas sensors.

2. Experimental Principle and Method

We used Corning glass as the substrate. The glass substrate was cut to an appropriate size,
and the cut test specimens were washed in an ultrasonic oscillator with organic solvents
(deionized water, acetone, and isopropanol) and deionized water, baked in an oven (90 °C for 1
h) to remove moisture, and finally divided. Sputtering was performed using a magnetron
sputtering system and argon was introduced to set the required parameters. The following
conditions were used to produce multiple Mo/ZZO thin films through sputtering deposition: a
bias voltage of 4 mTorr, a gas flow rate of 15 sccm using argon gas, a sputtering power of 80 W
and a deposition time of 45 min for ZZO, and a sputtering power of 20 W and a deposition time
of 1 min for Mo. The subsequent vacuum annealing was performed at a temperature of 200—-400
°C. The crystal structure was examined by X-ray diffraction (XRD, SIEMENS D-500) with Cu-
Ka radiation. The optical transmittance properties of the films were investigated using a UV—vis
spectrophotometer (Hitachi 2900). The electrical properties were determined by Hall effect
measurements (AHM-800B). The surface features of the films were characterized by scanning
electron microscopy (SEM, JSM-7000F), and atomic force microscopy (AFM) was used to
investigate the roughness and grain size.

3. Results and Discussion
3.1 XRD properties of the annealed thin films

Figure 1 presents the XRD spectra of the Zr:ZnO thin films deposited on the Mo metal layer.
From the figure, it can be seen that the multilayer films present the (002) peak for the ZnO thin
film.(18:19 Furthermore, a (440) peak was also observed, and the peak intensity increased with
the annealing temperature. This is because the Mo metal directly replaces the ZnO layers during
annealing to form a ZnMoOjs structure oriented in the secondary direction.??) The doping
during vacuum annealing can be observed from the peak shift. When the annealing temperature
increases, all peaks undergo a shift, indicating the doping of large atoms; because the atomic
radius of Mo (139 pm) is larger than those of Zn (134 pm) and O (60 pm), a peak shift occurs
during doping.

3.2 Comparison of electrical properties of annealed thin films

Table 1 presents the electrical properties of Mo-doped multilayer thin films for different
annealing temperatures. From the table, it can be seen that the resistivity decreases with
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Fig. 1. (Color online) XRD spectra of Mo/ZZO for different annealing temperatures.

Table 1
Electrical properties of Mo/ZZ0O multilayer thin films for different annealing temperatures.

Mo (20 W, 1 min)/ZZO (80 W, 45 min)

Annealing Resistivity Mobility Carrier concentration
temperature (°C) (Q-cm) (cmz/Vs) (cm73)
as-deposited 3.81 x 1072 1.24 x 10" 1.3 x 10"

200 1.07 x 1072 2.92 x 10! 3.8 x 10"

300 843 x 1073 3.2x 10! 4.8 x 10"

400 51x107° 3.8 x 10! 57 x 10"

increasing annealing temperature. The lowest resistivity is 5.1 x 107> Q-cm for the Mo/ZZO
multilayer thin film annealed at 400 °C. This decrease in resistivity was caused by the
considerable increase in the number of valence electrons in the film after annealing, which
resulted in a large number of collisions during conduction.(?)

3.3 Comparison of optical properties of thin films after annealing

Figure 2 presents the changes in the optical properties and energy gap of the multilayer thin
films after annealing. The average transmittance increased with the annealing temperature. The
highest transmittance was 93% at the annealing temperature of 400 °C. The main reason for this
is that sufficient valence energy was obtained in the film during annealing, but the replacement
between atoms, i.e., doping, resulted in the diffusion of Mo into the oxide layer, thus reducing
the mirror effect of the metal layer and increasing its transmittance. The transmittance increased
considerably upon annealing at 400 °C. A possible reason for this is that the dissipation or
diffusion of the metal layer into the oxide layer resulted in a discontinuity in the thin-film metal.
All the Mo/ZZ0 multilayer thin films had a sharp absorption edge in the UV range of 300—400
nm. Because optical absorption is due to electron transitions from the valence band to the
conduction band, the band gap (E,) was determined by the extrapolation of the straight region of
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Fig. 2. (Color online) Optical transmittance of ZZO thin films for different annealing temperatures.
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Fig. 3. (Color online) Energy gap of Mo/ZZO for different annealing temperatures.

the plot of the square of the absorption coefficient (a/hv)* versus photon energy (4v). The energy
gap can be calculated using the following optical band gap formula:(22-24

(ahv)* = A(hv—E,), )

where 4 is Planck’s constant, v is the frequency of incident photons, and 4 is an energy-
independent constant. Figure 3 shows the variation of the absorption coefficient (azv)> for Mo/
770 multilayer thin films plotted against the photon energy for different annealing temperatures.
It can be seen that E, initially increases from 3.15 to 3.24 eV (see Table 2) with the annealing
temperature. Despite the changes in the transmittance and maximum absorption wavelength of
the multilayer thin films with the annealing temperature, the optical properties of the multilayer

thin films are generally similar to those of transparent conductive films with an optical band gap
of 3.24 eV.
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Table 2

Energy gap of Mo/ZZ0O multilayer thin films for different annealing temperatures.
Annealing temperature (°C) Mo/ZZ0

as-deposited 3.15

200 3.18

300 3.21

400 3.24

3.4 Surface morphology analysis of annealed thin films

The surface morphology of the multilayer thin films under different annealing temperatures
was analyzed by AFM. The results are presented using 3D diagrams, from which their Ra values
(average roughness of the center line) were measured.

Table 3 and Fig. 4 present the surface morphology and roughness of the multilayer thin films
for different annealing temperatures. The roughness Ra was less than 1 nm for all parameters,
which indicates that the deposition of the films was uniform. Ra decreased with increasing
annealing temperature, which indicates that the density of the film surface was increased by
annealing.®® For each annealing temperature, no holes or cracks were observed on the film
surface, and a small change in surface morphology among the multilayer thin films was
observed. Figure 4 also shows that the surface flatness increased with the annealing temperature.
The surface observation can also be observed by SEM as shown in Fig. 5. From Fig. 5, it can be
seen that as the annealing temperature increased to 400 °C, the surface became smooth and
dense, indicating improved crystallinity; thus, the grain size increased with the annealing

temperature.

Table 3

Roughness of Mo-doped multilayer thin films for different annealing temperatures.
Annealing temperature (°C) Mo/ZZ0O Ra (nm)

as-deposited 0.21

200 0.18

300 0.15

400 0.13

as-deposited A200 A300 A400

Fig. 4. (Color online) AFM images of Mo/ZZ0 multilayer thin films for different annealing temperatures.
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Fig. 5. (Color online) SEM images of thin film surfaces: (a) as-deposited, (b) 200 °C, (c) 300 °C, and (d) 400 °C.

3.5 Analysis of grain size of annealed multilayer thin films

The grain size can be calculated by substituting values measured through XRD into
Scherrer’s formula6-27) to obtain the full width at half maximum (FWHM) as

0.94

- Scosd’ @

where D is the calculated grain size, 4 is the incident wavelength, @ is the angle of the incident
ray, and 8 is the FWHM. Because 0 and 4 are fixed values, an inverse relationship exists between
D and f. The FWHM decreases with increasing grain size. Table 4 presents the FWHM and
grain size of the Mo/ZZ0O multilayer thin films for different annealing temperatures. The grain

size increased from 13 nm for the as-deposited sample to 21 nm for the sample annealed at 400
°C.
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Table 4 Table 5

Effect of annealing temperature on grain size of Mo/ FOM, &7¢ (Q_l), of multilayer thin films for different
770 multilayer films. annealing temperatures.

Annealin,; L Annealin

temperatugre (°C) FWHM Grain size (nm) temperatugre (°C) Mo/zz0
as-deposited 0.633 13 as-deposited 34x10°°

200 0.59 16 200 39x10°

300 0.53 18 300 420x%10°°

400 0.49 21 400 4.60 x 10°°

3.6 Analysis of figure of merit of annealed thin films

The figure of merit (FOM) is the main way of determining the quality of transparent
conductive films.?® The FOM can be calculated from the transmittance and film resistivity. As
shown in Eq. (3), the FOM is directly proportional to the 10th power of the transmittance.
Therefore, the optical transmittance has a considerable effect on the FOM. To have high-quality
transparent conductive films, both high transmittance and low resistivity are needed.

10
— Tav

= 3
Prc R, 3)

Table 5 presents the FOM of the multilayer thin films. The optimal FOM was observed for
the multilayer thin film annealed at 400 °C.

4. Conclusions

We investigated Mo/ZZ0O multilayer thin films deposited on Corning glass substrates by RF
magnetron sputtering. The effects of the annealing temperature on the structural, electrical, and
optical properties of the Mo/ZZO multilayer thin films were investigated. When the annealing
temperature was increased to 400 °C, the resistivity decreased owing to the improved
crystallinity. This indicates that during sputter deposition, the metal layer was doped on the
oxide layer and that the amount of doping increased after annealing. In terms of the electrical
properties, the lowest resistivity (5.1 x 1073 Q-cm) was observed for the annealing temperature
of 400 °C. In terms of optical transmittance, the maximum average transmittance for the
multilayer films was 93% for an annealing temperature of 400 °C. Furthermore, the energy gap
increased slightly from 3.15 eV before annealing to 3.24 eV after annealing at 400 °C. In terms
of surface morphology, Ra decreased with the annealing temperature. This means that the grain
size increased with the annealing temperature, from 13 nm before annealing to 21 nm after
annealing at 400 °C. To achieve high FOM, a film must have good balance between optical and
electrical properties. The optimal FOM of 4.6 x 107 Q! was achieved when the annealing
temperature of the Mo/ZZ0O multilayer thin film was 400 °C. Hence, Mo/ZZ0O multilayer thin
films have potential use in optoelectronic sensor applications.
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